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PERFORMANCE AT SIMULAmD HIGH ALTITUDES OF A PFEVAPORIZING 
ANNULAR TURBOJET COMBUSTOR HAVING LOW PRESSURE LOSS 
r' By Carl T. Norgren 
SUMMARY 
An inves t iga t ion  was conducted t o  reduce the  p re s su re  drop i n  an 
experimental  combustor designed t o  operate  with high e f f i c i e n c i e s  a t  
high a l t i t u d e .  
f u e l  system t h a t  suppl ied  vapor f u e l  t o  t he  i n j e c t o r s  f o r  h igh -a l t i t ude  
ope ra t ion .  The combustor geometry incorporated a s t reaml ined  combustor 
i n l e t  s e c t i o n ,  scoops f o r  pr imary-air  admission, and l o n g i t u d i n a l  U- 
shaped channels f o r  secondary-air  admission. The combustor w a s  designed 
t o  f i t  i n t o  a one-quarter s e c t o r  of an  annular  housing wi th  a n  ou t s ide  
diameter of 25.5 inches,  an i n s i d e  diameter of 10.6 inches,  and a com- 
bus to r  l eng th  of  approximately 23 inches. The performance of t h e  com- 
bus tor  w a s  i nves t iga t ed  a t  s imulated h igh -a l t i t ude  f l i g h t  condi t ions  
corresponding t o  opera t ion  i n  a 5.2-pressure-rat io  engine a t  a f l i g h t  
Mach number of  0.6.  
cxarnined q u a l i t a t i v e l y  by comparing the performance o f  t h e  combustor wi th  
gaseous propane f u e l  and l i q u i d  and preheated JP-4 and JF-5 f u e l s .  
The combustor u t i l i z e d  a p rev ious ly  designed prevapor iz ing  
The e f f ec t iveness  of  t h e  f u e l  p revapor izer  w a s  
4 't .. 
The to t a l -p re s su re  loss of t he  experimental combustor was 2 t o  4 
percent  a t  a r e fe rence  v e l o c i t y  of 80 f e e t  pe r  second, as compared wi th  
a to t a l -p re s su re  loss of 4 t o  6 percent f o r  most cu r ren t  product ion 
model combustors. Combustion e f f i c i e n c i e s  of 98, 88, and 81  percent  
were obta ined  with Jp-4 f u e l  a t  condi t ions s imula t ing  r a t e d  engine speed 
ope ra t ion  at a l t i t u d e s  of 56,000, 70,000, and 80,000 f e e t ,  r e s p e c t i v e l y .  
P res su res  of 15, 8, and 5 inches of mercury abso lu te  i n  t h e  combustor 
were obta ined  f o r  t hese  a l t i t u d e s  w i t h  t h e  5 .2-pressure- ra t io  and t h e  
low f l i g h t  Mach number condi t ions .  
gaseous propane were similar t o  those  obtained w i t h  Jp-4, i n d i c a t i n g  
t h a t  s u f f i c i e n t  f u e l  vapor iza t ion  w a s  obtained wi th  t h i s  f u e l  under 
normal ope ra t ing  condi t ions .  
above c u r r e n t  p r a c t i c e  a t  an a l t i t u d e  of 56,000 feet or  us ing  t h e  less 
v o l a t i l e  Jp-5 f u e l  i n  t h e  combustor had a de t r imen ta l  e f f e c t  on combustion 
e f f i c i e n c y .  
t o  250° or 350' F.  
Combustion e f f i c i e n c i e s  obta ined  wi th  
Increasing t h e  a i r f l o w  rate t o  69 percent  
t The l o s s e s  i n  e f f i c i e n c y  were recovered, i n  both cases ,  when - t h e  temperature of  t h e  f u e l  admit ted to  t h e  prevapor izer  was increased  
While these  r e s u l t s  i n d i c a t e  a need f o r  g r e a t e r  
prevaporizer capac i ty  i n  t h e  experimental  combustor f o r  ope ra t ion  w i t h  
loTd-tetnperature f u e l  (800 F ) ,  i n  most a i r c r a f t  a p p l i c a t i o n s  f u e l  is 
del ivered t o  the  combustor a t  temperatures i n  t h e  range of 250° t o  350° F. 
A t  t h e  t e s t  condi t ions i n v e s t i g a t e d  t h e  combustor exhaust-temperature 
p r o f i l e  followed the p a t t e r n  g e n e r a l l y  d e s i r e d  a t  t he  t u r b i n e  pos iq ion .  
INTRODUCTION 
High-al t i tude ope ra t ion  of  t u r b o j e t  engines i s  f r e q u e n t l y  accompanied 
by se r ious  l o s s e s  i n  combustion e f f i c i e n c y .  It has been shown t h a t  a t  
high a l t i t u d e s  p rehea t ing  the l i q u i d  f u e l  be fo re  i n j e c t i o n  i n t o  t h e  com- 
bust ion chamber inc reases  combustion e f f i c i e n c y  s i g n i f i c a n t l y ;  use of  a 
gaseous f u e l  r e s u l t s  i n  even g r e a t e r  gains  i n  e f f i c i e n c y  ( r e f .  1). R e -  
search on an experimental  t u r b o j e t  combustor t h a t  incorporated a l i q u i d -  
f u e l  prevaporizer i s  r epor t ed  he re in .  
A prevaporizing combustor i nco rpora t ing  a f u e l  system, designed t o  
supply l i q u i d  f u e l  a t  sea l e v e l  and low a l t i t u d e s ,  preheated f u e l  w i t h  
a n  increasing vapor content  up t o  a s i m u l a t e d  a l t i t u d e  of 56,000 f ee t ,  
and 100-percent vaporized f u e l  a t  higher  a l t i t u d e s ,  i s  descr ibed i n  ref- 
erence 2 .  The prevaporizing c o i l s  of t h i s  combustor were l o c a t e d  a t  t h e  
downstream end of  t he  primary zone p r i o r  t o  t h e  e n t r y  o f  secondary a i r .  
This  l oca t ion  was chosen f o r  two reasons: (1) t o  avoid quenching e f f e c t s  
i n  the burning zone due t o  cold prevaporizer  walls, and ( 2 )  t o  minimize 
p re s su re  l o s s  due t o  t h e  c o i l s  by p l a c i n g  them i n  a low mass-flow reg ion .  
The combustor operated with a high combustion e f f i c i e n c y .  While the 
p res su re  l o s s e s  were of t h e  same magnitude encountered i n  cu r ren t  p r o d x -  
t i o n  engines, r edes ign  of t h e  combustor l i n e r  w a s  undertaken t o  explore  
t h e  p o s s i b i l i t i e s  of  reducing p r e s s u r e  l o s s e s .  
The reduced p res su re - los s  combustor had an a i r - e n t r y  p a t t e r n  similar 
t o  t h a t  of  model 30 o f  r e fe rence  2 which incorporated t h e  p revapor i z ing  
system described i n  r e fe rence  2 .  Design modif icat ions t o  reduce t h e  
pressure loss  were d i r e c t e d  toward improvement of t h e  combustor-l iner 
geometry with r e s p e c t  t o  t h e  combustor housing and p r o v i s i o n  for adequate 
open a i r - e n t r y  a r e a .  The f u e l  manifold and t h e  upstream primary zone 
w a l l s  were i n t e g r a t e d  i n t o  a n  annular ,  symmetrical wedge arrangement 
t h a t  improved the  en t r ance  a i r  d i f f u s i n g  passages.  Modif icat ion of  t h e  
primary zone t o  o b t a i n  low p res su re  loss  r e s u l t e d  i n  decreasing t h e  air- 
e n t r y  o r i f i c e  c o e f f i c i e n t s ,  which i n  t u r n  reduced t h e  mass flow i n t o  t h e  
primary region.  The r equ i r ed  primary flow w a s  ob ta ined  by t h e  u s e  of  
s p e c i a l  a i rscoops t h a t  s epa ra t ed  a s m a l l  f r a c t i o n  of  t h e  a i r  from t h e  
mainstream, and then admitted t h i s  a i r  f r a c t i o n  i n  a predetermined 
manner. 
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The design of the secondary zone requi red  e f f i c i e n t  mixing of t h e  
co ld  and hot  gases w i t h  minimum mixing losses. 
leaving" hot  and cold gas zones, as discussed i n  r e fe rence  3, was used 
i n  t h e  combustor. 
s e r i e s  of U-shaped channels extending from t h e  primary w a l l  t o  t he  outer  
housing. The long i tud ina l  s l o t s  between the channels formed air admission 
p o r t s  w i t h  low ent rance  l o s s  c h a r a c t e r i s t i c s  ( r e f .  4 ) .  
The p r i n c i p l e  of " i n t e r -  
The w a l l s  o f  the secondary zone were made up of a 
. 
i 
These features, incorporated i n t o  a qua r t e r - sec to r  annular  combustor 
conf igura t ion ,  were inves t iga t ed  i n  a connected duct t e s t  system. High- 
a l t i t u d e  f l i g h t  condi t ions were simulated assuming a t u r b o j e t  engine w i t h  
a compressor p re s su re  r a t i o  of 5.2 operat ing a t  0.6 f l i g h t  Mach number. 
Combustion e f f i c i ency ,  o u t l e t  temperature p r o f i l e ,  combustor p re s su re  
lo s s ,  and prevapor izer  performance data were obtained wi th  two l i q u i d -  
hydrocarbon f u e l s  and compared w i t h  similar data obtained wi th  gaseous 
propane at s e l e c t e d  f l i g h t  a l t i t u d e s  up t o  80,000 f e e t .  One of t h e  
l i q u i d  hydrocarbons used w a s  t he  current  j e t  f u e l  J p - 4 ;  t h e  o the r ,  Jp-5, 
i s  r e p r e s e n t a t i v e  of a f u e l  having b e t t e r  v o l a t i l i t y  c h a r a c t e r i s t i c s  f o r  
supersonic  f l i g h t  app l i ca t ions  ( r e f .  5 ) .  
APPARATUS 
I n s t a l l a t  ion 
The combustor i n s t a l l a t i o n  ( f i g .  1) w a s  similar t o  that  of re ference  
2 .  
a i r - supp ly  and low-pressure-exhaust systems, r e s p e c t i v e l y .  Airflow r a t e s  
and combustor p re s su res  were regula ted  by remote-control led valves  loca ted  
upstream and downstream of the combustor. Gaseous propane w a s  suppl ied  
from an 800-gallon p res su r i zed  tank w i t h  automatic c o n t r o l s  p r e s e t  t o  
d e l i v e r  t h e  p re sc r ibed  fuel-vapor requirements. Liquid f u e l  was  suppl ied 
from ind iv idua l  barrels connected t o  a s u i t a b l e  pumping system. The 
in spec t ion  da ta  f o r  MIL-F-6524C, grades JP-4 and Jp-5  j e t  f u e l  are 
presented  i n  t a b l e  I. The des i r ed  combustor-inlet  air and f u e l  t e q e r a -  
t u r e s  were obtained by means of e l e c t r i c  p rehea te r s .  
The combustor-inlet  and - o u t l e t  ducts were connected t o  t h e  labora tory-  
Instrumentat ion 
Airflow w a s  metered by a sharp-edged orifice ( f i g .  7-1 i n s t a l l e d  
according t o  ASME s p e c i f i c a t i o n s .  
w i t h  a c a l i b r a t e d  rotameter ,  and the  vapor fuel-f low r a t e ,  w i t h  a C a l i -  
b r a t e d  sharp-edged o r i f i c e .  Thermocouples and p res su re  tubes were loca ted  
a t  the  combustor-inlet  and - o u t l e t  instrument s t a t i o n s  i n d i c a t e d  i n  f i g u r e  
1. The number, type,  and p o s i t i o n  of these instruments  a t  each of the  
three s t a t i o n s  a r e  ind ica ted  i n  f igures  2 ( a )  t o  ( e ) .  The combustor-outlet 
thermocouples ( s t a t i o n  2 )  and pressure probes ( s t a t i o n  3) were loca ted  a t  
The l i q u i d  fue l - f low rate w a s  metered 
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cen te r s  of e q u a l  area i n  the duc t .  
i s  shown i n  f i g u r e s  2 (d )  t o  ( h ) .  Manifolded upstream t o t a l - p r e s s u r e  
probes ( s t a t i o n  1) and downstream s t a t i c - p r e s s u r e  probes ( s t a t i o n  3) were 
connected t o  abso lu te  manometers; i n d i v i d u a l  downstream t o t a l -  and 
s t a t i c - p r e s s u r e  probes were connected t o  banks of d i f f e r e n t i a l  manometers. 
The chromel-alumel thermocouples ( s t a t i o n  2 )  were connected t o  a self-  
balancing, r eco rd ing  potent iometer .  






b '  
The experimental  combustor incorporated a fuel-prevaporizing system 
The developed f o r  a previous experimental  combustor (model 30, ref .  2 ) .  
h e a t - t r a n s f e r  area of  the prevaporizer  w a s  contained i n  t h r e e  c o i l s  of 
t h e  type shown i n  f i g u r e  3. Liquid f u e l  w a s  suppl ied t o  t h e  t h r e e  p r e -  
vaporizing c o i l s ,  which were connected i n  series. 
was returned t o  t h e  f u e l  manifold, where i t  w a s  d i s t r i b u t e d  t o  the f u e l  
nozzles. The t o t a l  h e a t - t r a n s f e r  s u r f a c e  area w a s  70.9 s q u a r e  inches,  
which, from previous c a l c u l a t i o n s  and experimental  data, w a s  considered 
s u f f i c i e n t  t o  vaporize a l l  of a Jp-4 type f u e l  needed f o r  ra ted-speed 
ope ra t ion  a t  56,000 feet .  
The vaporized f u e l  
Design cons ide ra t ions .  - The design of t h e  f i n a l  combustor model w a s  
(1) i n i t i a l  design of  t h e  combustor geometry e s s e n t i a l l y  i n  two s t e p s :  
t o  ensure low p res su re  l o s s e s ,  and ( 2 )  "cut-and-try" mod i f i ca t ion  of t h e  
a i r - e n t r y  areas and f u e l  i n j e c t o r s  t o  o b t a i n  high combustion e f f i c i e n c y .  
The combustor geometry w a s  designed t o  s t r eaml ine  the flow of air  past 
the  combustor and maintain a n  adequate ho le  area. The c r o s s - s e c t i o n a l  
v i e w  of t h e  combustor i s  shown i n  f i g u r e  4. An annular  wedge w a s  i n s t a l l e a  
i n  t he  i n l e t - d i f f u s e r  s e c t i o n  t o  d iv ide  t h e  air between the  inne r  and 
o u t e r  walls. The wedge became an i n t e g r a l  part of  t h e  combustor, forming 
the  f u e l  manifold and p a r t  of  t h e  primary-zone w a l l .  The wedge ang le  and 
p o s i t i o n  were s e l e c t e d  t o  i n t e g r a t e  the  combustor l i n e r  and combustor 
housing i n t o  an improved i n l e t - d i f f u s e r  u n i t .  However, a cons ide ra t ion  
of boundary-layer s epa ra t ion ,  a v a i l a b l e  l eng th ,  combustor-housing con- 
f i g u r a t i o n ,  passage depth, and hydrau l i c  r a d i u s  of t h e  combustion space 
necess i t a t ed  a compromise design conf igu ra t ion .  The w a l l s  of t h e  primary 
zone downstream of  t h e  wedge were parallel .  The secondary zone was com- 
posed of a s e r i e s  of  U-shaped channels t h a t  extended from t h e  primary- 
zone w a l l s  t o  t he  combustor housing. The l o n g i t u d i n a l  s l o t s  formed by 
the channels provided a n  e f f e c t i v e  means of  c o n t r o l l i n g  t h e  o u t l e t -  
temperature d i s t r i b u t i o n  by " in t e r l eav ing"  t h e  hot  combustion gases and 
t h e  co ld  d i l u t i o n  a i r .  
7 
Combustor development. - Modif icat ion of  t h e  i n i t i a l  low-pressure- 
l o s s  combustor design w a s  d i r e c t e d  toward improving t h e  combustion e f f i -  
c iency.  The modif icat ion included a l t e r a t i o n s  of t h e  combustor a i r - e n t r y  I 
3 
I) 
- i d  
dc 
Combus t o r  
mo de la  
3 1 K  
32K 
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Description 
Or ig ina l  low-pressure-loss design 
Secondary channels modified 
Pr imary-zone holes  modified 
Continuous scoops added t o  top and 
Primary-zone holes  modified 
Continuous scoops removed, primary- 
Primary-zone holes  modified 
Nozzle placement changed, combustor 
Primary-zone holes  modified 
Large continuous scoops added i n  
Channel open a r e a  decreased 
Continuous scoops were removed from 
model 44, and two 9/16- by 2-in. 
scoops approximately 6 i n .  long 
were added t o  r e in fo rce  primary 
zone. Small ind iv idua l  scoops 
were .added f o r  two se l ec t ed  rows 
of  primary-zones holes .  
bottom of primary-zone w a l l s  
zone holes modified 
facepla te  modified 
primary-zone w a l l s  
ho les ,  a d d i t i o n  of var ious scoop arrangements f o r  t h e  primary e n t r y  holes ,  
and t h e  use  of var ious f u e l  nozzles .  The var ious f u e l  nozzles  used a r e  











1 Extended f a n  spray  nozzles,  1~ in .  long 
Simple sharp-edged o r i f i c e ,  7/64-in. diam. 
Simple sharp-edged o r i f i c e ,  1/8- in .  diam. 
Simple sharp-edged o r i f i c e  (wi th  simple 
Simple sharp-edged o r i f i c e ,  9/64-in. diam. 
Simple sharp-edged o r i f i c e ,  11/64-in.  diam, 
Simple sharp-edged o r i f i c e  (with simple 
Simple sharp-edged o r i f  i c e  (with simple 
s w i r l  gene ra to r ) ,  1 /8- in .  diam. 
swirl gene ra to r ) ,  9/64-in. diam. 
s w i r l  gene ra to r ) ,  11/64-in. diam. 
“The f u e l  nozzle  des igna t ion  i s  a con t inua t ion  of the 
system used i n  r e f .  2. 
The combustor modif icat ions t h a t  l e d  t o  the  f i n a l  design are as 
fol lows : 
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F ina l  conf igura t ion .  - The a i r -en t ry-hole  p a t t e r n  f o r  model 47 
combustor is  shown i n  f i g u r e  5(a) .  
area along the  combustor l eng th  t o  t h e  t o t a l  ho le  a r e a  i s  shown as a 
funct ion o f  combustor length  i n  f i g u r e  5 ( b ) .  
are included f o r  comparison. Note t h a t  t hese  curves r ep resen t  t h e  pro-  
por t ion ing  of t h e  hole  a r e a  and not  n e c e s s a r i l y  the  propor t ion ing  of t he  
air  admitted along t h e  combustor. The t o t a l  open a reas  f o r  t hese  two I 
combustors a r e  q u i t e  d i f f e r e n t  (model 47, 95.9 s q  i n .  and model 30, 69.4 
sq i n . ) ;  i n  add i t ion ,  t h e  scoops i n  t h e  primary zone of  model 47 a r e  
expected t o  change the  discharge c o e f f i c i e n t s  of t he  ind iv idua l  ho les  
The r a t i o  of t he  accumulated hole  
Data from model 30 ( r e f .  2 )  
c 
tP r 
( r e f .  6 ) .  * g  
A photograph of combustor l i n e r  model 47 and a n  a r t i s t ' s  ske tch  of 
t h e  assembled combustor is shown i n  f i g u r e  6. A s  shown i n  the  photograph 
( f i g .  6 ( a ) ) ,  a v a r i e t y  of  scoops w a s  used i n  model 47. 
s h ~ ~ e s  were s e l e c t e d  pu re ly  f o r  convenience i n  f a b r i c a t i o n ,  and t h e  p a r t i -  
c u l a r  scoop shape i s  not considered s i g n i f i c a n t .  The capture  area of t he  
scoops, however, was considered c r i t i c a l  and w a s  based on t h e  a r e a  r e -  
qu i red  for  maximum flow through t h e  hole  assumfng a 0.6 o r i f i c e  discharge 
c o e f f i c i e n t  f o r  t he  hole .  
The d i f f e r e n t  
PROCEDURF: 
The t e s t  condi t ions  used f o r  t h e  i n v e s t i g a t i o n  are as fol lows:  
Combus t o r  - 
i n l e t  t o t a l  
p re s su re  , 
i n .  Hg abs 





Combus t o r  - 
i n l e t  t o t a l  
t emper a t  u r  e , 






Airflow r a t e  
per  u n i t  area* 
wa/A, 






Simulated f l i g h t  
a l t i t u d e  i n  r e f -  
erence engine at 
c r u i s e  speed, f t  
56,000 
70 , 000 
80 , 000 
56 , 000 
"Based on maximum combustor c r o s s - s e c t i o n a l  area of 0.73 s q  f t .  
Test  condi t ions  A, B, and C r ep resen t  t h r e e  s imulated f l i g h t  condi- 
t i o n s  fo r  a re ference  t u r b o j e t  engine with a 5.2 p re s su re  r a t i o  a t  a 
f l i g h t  Mach number of 0 .6 .  Cruise  speed w a s  taken as 85 pe rcen t  of t h e  
r a t e d  ro to r  speed. One a d d i t i o n a l  condi t ion ,  test  condi t ion  E, was 
s e l e c t e d  t o  represent  a n  a i r f l o w  r a t e  69 percent  above that r equ i r ed  i n  
the  reference engine.  A t  each test condi t ion  combustion e f f i c i e n c i e s  







Propane w a s  used as the  f u e l  f o r  the  combustor development. 
experimental  combustor, model 47L, w a s  operated w i t h  gaseous propane, 
t he  c u r r e n t  Jp-4 j e t  f u e l ,  and the  JP-5 je t  f u e l  wi th  low v o l a t i l i t y .  
The f i n a l  
Combustion e f f i c i e n c y ,  percent  





Combustion e f f i c i e n c y  was computed by the method of  r e fe rence  7 as 
the percentage of  t h e  r a t i o  of t h e  a c t u a l  t o  the  t h e o r e t i c a l  i nc rease  i n  
en tha lpy  from the combustor-inlet  t o  the combustor-outlet  ins t rumenta t ion  
p lane  ( s t a t i o n s  1 and 2 ) .  The a r i t h m e t i c a l  mean of t h e  30 thermocouple 
o u t l e t  i n d i c a t i o n s  w a s  used t o  ob ta in  the  value of the combustor-outlet  
en tha lpy  f o r  the experimental  combustor conf igu ra t ion .  The b u l k  tempera- 
t u r e s  as determined from thermocouple ind ica t ions  are s u b j e c t  t o  numerous 
e r r o r s  due t o  mass d i s t r i b u t i o n  and hea t - t r ans fe r  e f f e c t s ;  however, no 
c o r r e c t i o n s  were app l i ed  t o  t h e  data presented  i n  t h i s  r e p o r t .  
A q u a l i t a t i v e  i n d i c a t i o n  of the e r r o r s  involved a t  t h e  test condi t ions  
i n v e s t i g a t e d  w a s  ob ta ined  from two independent measurements o f  combustion 
e f f i c i e n c y .  E f f i c i e n c i e s  c a l c u l a t e d  from ind ica t ed  thermocouple readings  
were compared wi th  (1) e f f i c i e n c i e s  ca l cu la t ed  from bare-wire chromel- 
alumel thermocouple readings cor rec ted  f o r  conduction and r a d i a t i o n  
e r r o r s  according t o  the  procedure recommended i n  r e fe rence  8 and co r rec t ed  
f o r  nonuniform mass-flow d i s t r i b u t i o n ,  and ( 2 )  e f f i c i e n c i e s  determined 
from sampling and a n a l y s i s  o f  unburned c o n s t i t u e n t s  i n  t h e  exhaust gas. 
The thermocouple c o r r e c t i o n  equations r e q u i r e  information that  can- 
not be obta ined  accu ra t e ly  i n  the experimental  combustor test  r i g  used. 
An approximation was at tempted f o r  a l imi t ed  number of d a t a  p o i n t s  by 
measuring w a l l  temperatures at the  instrumentat ion p l ane  and assuming no 
flame r a d i a t i o n  a t  t h e  l o w  pressures. 
model 43L a t  a n  o u t l e t  temperature of approximately 1450° F f o r  t h ree  of 
t h e  t e s t  condi t ions  a r e  as fol lows:  
The r e s u l t s  ob ta ined  f o r  combustor 
An exhaust-gas sample was obtained by using a water-cooled sampling 
probe  wi th  p o r t s  l oca t ed  i n  the same p o s i t i o n  as t h e  thermocouples. Two 
disadvantages i n  us ing  exhaust-gas sampling i n  f u l l - s c a l e  combustors a r e  
(1) small percentages of unburned products are d i f f i c u l t  t o  determine 
a c c u r a t e l y  from a small sample, and ( 2 )  i t  i s  d i f f i c u l t  t o  o b t a i n  a 
r e p r e s e n t a t i v e  sample because of unburned f u e l  d r o p l e t s  pas s ing  through 
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t h e  combustion zone. The accuracy of t h e  method w a s  improved by using a 
p r e c i s i o n  gas analyzer technique i n  conjunct ion with vapor f u e l  i n  t h e  
combustor (gaseous propane w a s  used with a f u e l - a i r  r a t i o  of  approximately 
0.020). 
bus to r  model 45Q a t  t es t  cond i t ion  C (5  i n .  Hg abs.;  runs  35 and 36 i n  
t a b l e  11). 
c o n s t i t u e n t  w a s  mainly carbon monoxide wi th  t r a c e s  of  hydrogen and methane 
p resen t .  No t r a c e  of  unburned propane was de tec t ed .  The e f f i c i e n c y  
computed by gas a n a l y s i s  was 87 percent ;  t he  e f f i c i e n c y  c a l c u l a t e d  from I 
t he  thermocouple ind ica t ions  w a s  79 pe rcen t .  These d a t a  agree q u a l i t a -  
t i v e l y  with the  r e s u l t s  obtained by thermocouple c o r r e c t i o n ,  i n  t h a t  t h e  
e f f i c i e n c y  c a l c u l a t i o n  from i n d i c a t e d  thermocouple readings w a s  low com- 
pared with t h e  e f f i c i e n c y  ob ta ined  from exhaust-gas a n a l y s i s .  
Combustion e f f i c i e n c i e s  were determined wi th  experimental  com- 
Analysis of t he  exhaust-gas sample showed t h a t  t h e  unburned 
I 
4 :  
A t  t h e  low pressures, combustion e f f i c i e n c y  i n d i c a t i o n s  were l o w .  
A t  t h e  h ighe r  p re s su res  corresponding t o  most of t h e  t e s t - c o n d i t i o n s  com- 
pensat ing f a c t o r s ,  such as inc reased  r a d i a t i o n  from t h e  flame and i n -  
creased convective h e a t  t r a n s f e r ,  e n t e r  i n t o  t h e  temperature measurements, 
and the  d i f f e r e n c e  between t h e  i n d i c a t e d  and c o r r e c t e d  e f f i c i e n c y  w a s  
small. The l imited data obtained i n d i c a t e  t h a t  t h e  combustion e f f i c i e n -  
c i e s  r epor t ed  a t  t h e  low-pressure cond i t ion  ( C )  may be low by as much as 
10 percent;  however, t h e  q u a l i t a t i v e  comparison between t h e  v a r i o u s  com- 
b u s t o r  models and t h e  d i f f e r e n c e s  among f u e l s  i s  considered r e l i a b l e .  
The r a d i a l  temperature d i s t r i b u t i o n  a t  t h e  combustor o u t l e t  ( s t a t i o n  
2 )  was determined f o r  a temperature r i se  ac ross  t h e  combustor of 
approximately 1180° F, which’corresponds t o  t h e  r e q u i r e d  value f o r  a 
r a t e d  engine speed ope ra t ion  i n  t h e  r e f e r e n c e  t u r b o j e t  engine a t  a l t i t u d e s  
above the tropopause. The r a d i a l  temperature i n d i c a t i o n s  were obtained 
from the  s i x  thermocouple r akes  ( f i g .  2 ) .  The t o t a l - p r e s s u r e  loss w a s  
computed as the  dimensionless r a t i o  of  t h e  t o t a l - p r e s s u r e  loss t o  t h e  
combustor-inlet t o t a l  p r e s s u r e .  T h i r t y  i n d i v i d u a l  t o t a l  p r e s s u r e  readings 
were averaged t o  o b t a i n  t h e  t o t a l  p r e s s u r e  a t  t h e  combustor o u t l e t .  Com- 
bus to r  reference v e l o c i t i e s  were computed from t h e  a i r  mass-flow rate,  
the  combustor-inlet  dens i ty ,  and t h e  maximum combustor c r o s s - s e c t i o n a l  
area. 
4 
RESULTS AND DISCUSSION 
Combustor Development 
The experimental  combustor conf igu ra t ions  were f i r s t  ope ra t ed  wi th  
gaseous propane. Gaseous propane f a c i l i t a t e d  p re l imina ry  o p e r a t i o n  s i n c e  
it represented the  optimum cond i t ion  (100-percent vapor) t h a t  could be 
obtained with prevaporized Jp-4 f u e l .  
during the i n v e s t i g a t i o n  are p resen ted  i n  t a b l e  11. w 
The experimental  d a t a  obtained 
9 
Combustion e f f i c i e n c i e s  obtained w i t h  propane f u e l  i n  t he  model 3 1 K  
combustor ( i n i t i a l  design)  a r e  presented i n  f i g u r e  7 f o r  a range of f u e l -  
a i r  r a t i o s  a t  test  condi t ions  B and C .  It is apparent  tha t  t h e  combustor 
operated w i t h  a f u e l - r i c h  primary zone s ince the e f f i c i e n c i e s  decreased 
r a p i d l y  w i t h  an increase  i n  fuel-air  r a t i o ,  and tha t  t h e  temperature 
r ise requ i r ed  f o r  r a t e d  speed w a s  not  ob ta inable .  Ea r ly  modif icat ions 
were t h e r e f o r e  aimed a t  d i r e c t i n g  more a i r  i n t o  t h e  primary zone, and 
e l imina t ing  severe  hot  spo t s  i n  the out le t - tempera ture  p r o f i l e .  The f u e l -  
r i c h  primary zone w a s  a n t i c i p a t e d  s ince  it is  shown i n  re ference  4 t h a t  
1 the o v e r - a l l  c o e f f i c i e n t  of  t h e  primary zone i s  reduced as the p res su re  
I drop is decreased. I '  
E f f i c i e n t  burning i n  t h e  primary combustion zone r equ i r e s  c o n t r o l  
Data obtained during of  f u e l  spray  as w e l l  as a i r - e n t r y  d i s t r i b u t i o n .  
the  t e s t  program w i t h  successive combustor conf igura t ions  s u b s t a n t i a t e d  
t h e  importance of  s e l e c t i n g  an optimum f u e l - i n j e c t o r  system. I n  f i g u r e  
8, the combustion e f f i c i e n c i e s  are presented f o r  combustor model 45 w i t h  
f u e l  nozzles  L, K, and Q at test  condi t ion C using propane f u e l .  E f f i -  
c iency d i f f e rences  as high as 15 percent (nozz les  L and K)  were obtained 
a t  t h i s  ope ra t ing  condi t ion .  These d i f fe rences  were due t o  t h e  f u e l  
spray  p a t t e r n .  Nozzle L contained a swirl generator ;  nozzle K d i d  no t .  
Smaller d i f f e rences  (5 pe rcen t )  were obtained when the s w i r l  genera tors  
were i n s t a l l e d  and the fue l -nozz le  o r i f i c e  w a s  enlarged from 1/8 t o  
11/64 inch  i n  diameter (nozzles  L and Q) . 
I n  combustor model 45 the f i v e  f u e l  nozzles  were p laced  d i r e c t l y  
i n  l i n e  w i t h  t h e  long i tud ina l  rows of  primary-air  ho le s .  I n  a preceeding 
combustor (model 39) a l t e r n a t e  f u e l  and a i r  zones were e s t a b l i s h e d  
c i r c u m f e r e n t i a l l y  i n  the  primary zone by p l a c i n g  the f u e l  nozzles between 
the rows of primary air  ho le s .  The combustion e f f i c i e n c i e s  obtained w i t h  
combustor model 39P are shown i n  f igu re  9 .  Although t h i s  combustor 
opera ted  wi th  a f u e l - r i c h  primary, the  combustion e f f i c i e n c y  was over 
80 percent  up t o  a f u e l - a i r  r a t i o  of  0.019 a t  test condi t ion  C .  T h i s  
e f f i c i e n c y  compares favorably  over most o f  the fuel-air  r a t i o  range w i t h  
t h e  e f f i c i e n c i e s  obtained w i t h  combustor model 45, as shown i n  f i g u r e  8. 
The p resen t  r e sea rch  ind ica t e s ,  then, tha t  a p a r t i c u l a r  c i r cumfe ren t i a l  
l o c a t i o n  of t h e  f u e l  nozzles r e l a t i v e  t o  t h e  a i r  holes  may not be neces- 
s a r y  t o  achieve high e f f i c i e n c i e s .  I n  any case, however, cons iderable  
modi f ica t ion  o f  the primary zone may be r e q u i r e d  t o  o b t a i n  high perform- 
ance.  The later combustor conf igura t ions ,  models 45, 46, and 47, were 
opera ted  wi th  f u e l  nozzles i n  l i n e  w i t h  a"Lr holes. 
- 
Performance of F i n a l  Combustor Model 47L 
Combustion e f f i c i e n c y  w i t h  propane. - The combustion e f f i c i e n c i e s  
obta ined  w i t h  t he  model 47L combustor ope ra t ing  on propane f u e l  a r e  
p re sen ted  i n  f i g u r e  10 f o r  t h e  t e s t  condi t ions A, B, C ,  and E. Data are 
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presented f o r  t h e  gaseous f u e l  (1) i n j e c t e d  d i r e c t l y  i n t o  t h e  combustor 
w i th  no prevaporizer ,  and ( 2 )  i n j e c t e d  with t h e  p revapor i z ing  equipment. 
Data obtained with propane i n  combustor model 30 ( r e f .  2 ) ,  which w a s  t h e  
best  previous combustor configurat ion,  are included f o r  comparison. The 
combustion e f f i c i e n c i e s  f o r  t he  t h r e e  curves vary by approximately 5 
percent .  The e f f i c i e n c i e s  with t h e  prevaporizer  i n s t a l l e d  i n  model 47L 
are comparable with those obtained with model 30; combustor model 47L 
without t h e  prevaporizing c o i l s  gave s l i g h t l y  higher  e f f i c i e n c i e s .  The 
prevaporizing system may have a f f e c t e d  combustor performance by causing 
r e d i s t r i b u t i o n  o f  a i r  between t h e  primary and secondary zone and by I 
introducing cold su r faces  i n t o  t h e  r e a c t i o n  zone. I X I  
Combustion e f f i c i e n c y  wi th  Jp-4 f u e l .  - The combustion e f f i c i e n c y  
d a t a  obtained with J p - 4  f u e l  i n  model 47L combustor are p resen ted  i n  
f i g u r e  11 f o r  the  t es t  condi t ions A, B, C ,  and E.  Two curves are shown 
f o r  model 47L, one f o r  f u e l  suppl ied t o  the  prevaporizer  a t  approximately 
80° F and the  o t h e r  f o r  f u e l  suppl ied at 250' F. The e f f e c t  of  a d d i t i o n a l  
f u e l  preheat ing is most pronounced a t  cond i t ion  E ( f i g .  ll(d)). 
t h i s  t e s t  condi t ion r equ i r ed  fuel-f low rates 69 pe rcen t  higher  t han  
condi t ion A, t h e  condi t ion f o r  which t h e  prevaporizer  w a s  designed, t h e  
reduced e f f i c i e n c i e s  wi th  the  80° F f u e l  are a t t r i b u t e d  t o  t h e  i n s u f f i c i e n t  
prevaporizing capac i ty  of t h e  c o i l s .  I n  a c t u a l  a i r c r a f t  ope ra t ion  f u e l  
would probably be de l ive red  t o  t h e  combustor a t  temperatures i n  excess 
of  250° F, s i n c e  the f u e l  J.s heated i n  t h e  engine pumping system, used 
t o  cool l u b r i c a t i n g  o i l ,  and a l s o  used t o  coo l  a number of a i r c r a f t  com- 
ponents. The d a t a  i n d i c a t e  t h a t  under these  cond i t ions  t h e  p revapor i z ing  
c o i l s  have an adequate capac i ty  t o  supply f u e l  requirements f o r  a i r f l o w s  
69 percent  higher than those used i n  cu r ren t  engines.  
Since 
Combustion e f f i c i e n c i e s  obtained with Jp-4 f u e l  i n  combustor model 
30 are included i n  f i g u r e  11. The e f f i c i e n c i e s  of  model 47L a r e  equa l  
t o  or b e t t e r  than t h e  e f f i c i e n c i e s  obtained with model 30. While model 
30 required t h r e e  sizes of f u e l  nozzles  t o  o b t a i n  high e f f i c i e n c y  over 
t h e  range of test  condi t ions,  model 47  was operated wi th  only one nozzle  
s i z e .  The fuel-nozzle  requirements f o r  l ow-a l t i t ude  and sea-level 
operat ion were not e s t a b l i s h e d  f o r  e i t h e r  combustor. However, t h e  nozzles 
used i n  model 47 combustor would supply t h e  f u e l  f low r e q u i r e d  f o r  t he  
reference engine at s e a - l e v e l  take-off  cond i t ions  wi th  f u e l  p r e s s u r e s  o f  
less  than 150 pounds p e r  square inch.  
Combustion e f f i c i e n c y  with Jp-5 f u e l .  - The c u r r e n t  Jp-4 j e t  f u e l  used 
i n  t h e  design c a l c u l a t i o n s  and i n  t h e  experimental  r e s e a r c h  has a r e l a t i v e -  
l y  high v o l a t i l i t y  (Reid vapor p r e s s u r e  of 2.9 lb/sq i n . ) ,  and would re- 
q u i r e  s p e c i a l  handling i f  used f o r  supersonic  f l i g h t  because of t h e  high 
temperature and subsequent f u e l  b o i l i n g  ( re f .  9 ) .  
such as JP-5 (ref.  6 )  may be p r e f e r r e d  f o r  supersonic  f l i g h t .  
may be des i r ab le ,  from a l o g i s t i c  viewpoint, t o  have a minimum number of 
A lower v o l a t i l i t y  f u e l  
Since it 
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f u e l  types, h i g h - a l t i t u d e  subsonic a i r c r a f t  may be r equ i r ed  t o  ope ra t e  on 
the same l o w - v o l a t i l i t y  f u e l .  It has been shown ( re f .  10) that dec reas ing  
the f u e l  v o l a t i l i t y  i n  a t u r b o j e t  combustor tends t o  decrease combustion 
e f f i c i e n c y  at  the low-pressure operat ing cond i t ions  tha t  are t y p i c a l  of 
low-speed h i g h - a l t i t u d e  f l i g h t .  
e l imina t ing  t h i s  p e n a l t y .  
Prevaporizat ion may be a means o f  
Combustion e f f i c i e n c y  data a r e  presented i n  f i g u r e  1 2  f o r  Jp-5 f u e l  
ope ra t ion  a t  test cond i t ions  A, B, and C .  These data were obtained 
0 w i t h  combustor model 47N p r i o r  t o  t he  s e l e c t i o n  o f  model 47L. Extensive 
; f a  data f o r  Jp-5 f u e l  i n  model 47L were not obtained because o f  the a c c i d e n t a l  
plugging of  the vapor i ze r  that  i s  discussed la te r .  The e f f i c i e n c y  with 
JP-5 f u e l  decreased w i t h  i nc reas ing  f u e l - a i r  r a t i o s  f o r  a l l  condi t ions;  
t h e  same t r e n d  was obtained w i t h  Jp-4 f u e l  a t  t es t  cond i t ion  C.  A t  low 
f u e l - a i r  r a t i o s ,  e f f i c i e n c i e s  w i t h  JP-5 f u e l  were higher  than those with 
JP-4 a t  t h e  low-pressure condi t ion.  Furthermore, the  sharp drop i n  
e f f i c i e n c y  wi th  JP-5 f u e l  is compensated f o r  by inc reas ing  the  f u e l -  
supply temperature t o  250° F ( f i g .  1 2 ) .  
data obtained wi th  Jp-5 f u e l  i n  combustor model 47L are presented i n  
f i g u r e  13. 
tes t  cond i t ion  B is approximately 5 percent lower than tha t  of Jp-4 at 
rated speed, and the e f f i c i e n c y  a t  test cond i t ion  E i s  considerably 
lower. A t  test cond i t ion  E two a d d i t i o n a l  curves are presented f o r  i n l e t  
d f u e l  temperatures of  250° and 350° F. 
3 e f f i c i e n c y  improves with inc reas ing  f u e l  temperatures;  a l though even w i t h  
!? a n  i n l e t  f u e l  temperature of 350' F, Jp-5 f u e l  e f f i c i e n c y  i s  s t i l l  5 per- 
h c e n t  lower than  t h a t  of JP-4. 
> 
The l i a i t e d  combustion e f f i c i e n c y  
The e f f i c i e n c y  of  Jp-5  f u e l  w i t h  an 800 F f u e l  temperature a t  
A s  would be expected, the combustion 
I 
3 -  
The degree o f  vaporizat ion a t t a i n e d  i n  the c o i l s  i s  i n d i c a t e d  
q u a l i t a t i v e l y  by the f u e l  pressure r equ i r ed  t o  i n j e c t  f u e l  a t  a given 
flow rate.  I n  f i g u r e  14 the f u e l  pressure at t h e  prevaporizer  i n l e t  is 
shown as a f u n c t i o n  of  the f u e l  flow a t  t e s t  cond i t ion  E.  These data 
were ob ta ined  w i t h  one nozzle configurat ion L (combustion model 47) with 
Jp-5 and Jp-4 f u e l s .  A s  t he  f u e l  flow is  increased t h e  f u e l  p re s su re  
inc reases  t o  a c e r t a i n  p o i n t  beyond. which a fur ther  inc rease  i n  f u e l  flow 
resu l t s  i n  a decrease i n  f u e l  p re s su re  a t  t h e  prevaporizer  i n l e t .  This  
decrease i n  f u e l  p re s su re  a t  high flow rates is a r e su l t  of incomplete 
f u e l  vapor i za t ion  and, consequently, decreased volume handling r e q u i r e -  
ments. The e f f e c t  of f u e l  v o l a t i l i t y  an the degree of  p revapor i za t ion  
is r e a d i l y  q q a r e n t  and is  d i r e c t l y  r e f l e c t e d  i n  i n j e c t i o n  p r e s s u r e  
requirements.  The i n j e c t i o n  p res su re  r equ i r ed  for JT-4 T u e i ,  at a n  * l L A L  u 
temperature o f  80' F, i s  considerably higher than tha t  r e q u i r e d  f o r  J p - 5 ,  
and the  i n j e c t i o n  p res su re  required f o r  preheated (250° F) Jp-5 i s  higher  
than that  r equ i r ed  f o r  Jp-5  a t  80° F.  
would be r equ i r ed  wi th  Jp-5 f u e l  than w i t h  Jp-4 f o r  the  same degree of  
p revapor i za t ion  because of  the low v o l a t i l i t y  of J p - 5 .  
A l a r g e r  h e a t - t r a n s f e r  s u r f a c e  
- 
.. e.. . e.. . .. .. w . . 0.. .. .. .. .. . 0 . .  ... 0 . .  
w .  0 . .  e . .  . . e .  . e .... 
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No s p e c i a l  a t tempt  w a s  made t o  provide e q u a l  f u e l  d i s t r i b u t i o n  t o  
each nozzle or t o  e l imina te  s lugging which could occur during p a r t i a l  
vaporizat ion opera t ion  s ince  t h e s e  problems were no t  de t r imen ta l  a t  t h e  
t e s t  conditions inves t iga t ed .  The manifold p re s su re  drop suppl ied  uniform 
f u e l  d i s t r i b u t i o n  t o  t h e  l i m i t e d  number of f u e l  i n j e c t o r s ,  and s w i r l  
generators  e f f e c t i v e l y  broke up and d i s t r i b u t e d  the p a r t i a l l y  vaporized 
f u e l .  
Prevaporizer system. - No de ta i l ed ,  con t ro l l ed  tests were conducted 
t o  determine the  ex ten t  t o  which the  vaporizer  c o i l s  might become plugged 
because of  coke and gum deposi t  ion.  
c o i l s  accumulated approximately 75 hours of running time w i t h  Jp-4 f u e l  
during t h i s  inves t iga t ion ,  and 50 hours of running t i m e  w i t h  Jp-4  during 
the  inves t iga t ion  r epor t ed  i n  r e fe rence  2.  No ope ra t iona l  d i f f i c u l t i e s  
were encountered during t h i s  t ime. During t h e  tests w i t h  Jp-5 f u e l  one 
case of prevapor izer  c o i l  plugging was encountered. The plugging occurred 
when JP-5 f u e l  was l e f t  i n  t h e  prevaporizing tubes  and, a performance 
check point  w a s  obtained w i t h  propane f u e l  admitted d i r e c t l y  i n t o  t h e  
f u e l  i n j ec to r s  without c i r c u l a t i n g  t h e  f u e l  through t h e  c o i l s .  Because 
of t h e  low v o l a t i l i t y  of Jp-5 f u e l ,  t h e  c o i l s  contained a cons iderable  
amount of r e s i d u a l  f u e l ,  which cracked and plugged the  tubes when heated 
e x t e r n a l l y  during the  propane opera t ion .  
The prevapor izer  hea t  -exchanging I 
Further tests explored the  p o s s i b i l i t y  of plugging w i t h  Jp-5 f u e l .  
Approximately 65 starts and s tops  were made during a t o t a l  run  time of 
20 hours t o  i n v e s t i g a t e  the  e f f e c t  of leav ing  hot  f u e l  t rapped without 
purging i n  the c o i l s .  The average f u e l - o u t l e t  temperature during t h e  
ru tx i  was between 600° and 700' F. 
su re  drop was noted, as shown i n  f i g u r e  15. The f u e l  p re s su re  a t  t h e  
prevaporizer  i n l e t  i s  shown as a func t ion  of t i m e  f o r  Jp-5 f u e l  opera t ion  
w i t h  the  prevaporizing c o i l s  a t  t e s t  condi t ion  B, The f u e l - o u t l e t  t e m -  
pe ra tu re  and the  progress ive  number of starts and s t o p s  are a l s o  ind ica t ed  
i n  the  f i g u r e .  
No increase  i n  the  prevapor izer  p re s -  
Coking of hydrocarbon f u e l s  i n  e l e c t r i c a l l y  heated tubes has  been 
inves t iga ted  a t  t h i s  l abora to ry  ( r e f .  11). I n  t e s t s  w i t h  f u e l s  having 
high aromatic and gum contents  a r a p i d  bui ldup of depos i t  and u l t i m a t e  
plugging of  the  t u b e  occurred.  These f u e l s  had gum contents  g r e a t e r  
than  those permit ted under p re sen t  procurement s p e c i f i c a t i o n s  of MIL-F- 
5624C. 
conten t  was run as long as 70 hours i n  a hea ted  tube g iv ing  a f u e l  tem- 
pe ra tu re  of 1000° F, and showed no evidence of coke formation.  
i c  and gum contents  of t h e  Jp-5 f u e l  used i n  t h i s  s tudy  and of t he  pro-  
duct ion Jp-4 f u e l  t e s t e d  i n  r e fe rence  11 were very similar. From 
observat ions made i n  t h i s  i n v e s t i g a t i o n  and from resu l t s  r epor t ed  i n  
reference 11 it appears t h a t  the  f u e l  prevapor izer  system descr ibed  he re in  
w i l l  not encounter plugging t roub les .  - 
A JP-4 f u e l  meeting s p e c i f i c a t i o n  of MIL-F-5624C w i t h  low gum 
The aromat- 
. 
Cor re l a t ion  of  combustion e f f i c i ency .  - Figure 16 p r e s e n t s  t he  
c o r r e l a t i o n  o f  t h e  combustion-eff iciency data f o r  the prevaporizing com- 
bus to r  model 47L w i t h  the  combustion parameter Vr/PiTi ( r e f .  12), where 
Vr 
s e c t i o n a l  area (105 s q  i n . ) ;  P i  
i s  the i n l e t - a i r  temperature.  The values of combustion e f f i c i e n c y  were 
obtained from the prevaporized JP-4 f u e l  e f f i c i e n c y  curves of  f i g u r e  10 
a t  a temperature-r ise  l e v e l  of  1180' F ( r e q u i r e d  temperature r ise  f o r  
r a t e d  speed o f  t h e  r e f e r e n c e  t u r b o j e t  engine) .  The combustion e f f i -  
c i e n c i e s  ob ta ined  w i t h  model 30 ( r e f .  2 )  and a commercial vaporizing 
combustor operated w i t h  Jp-4 f u e l  are  included i n  f i g u r e  1 6  f o r  comparison. 
A t  a combustor r e fe rence  v e l o c i t y  o f  80 feet  p e r  second ( t e s t  cond i t ions  
A, B, and C )  combustor model 47L operated at approximately the same 
e f f i c i e n c y  as model 30. Combustion e f f i c i e n c i e s  of  the commercial vapor- 
i z i n g  combustor are considerably lower than  those  ob ta ined  w i t h  the 
experimental  conf igu ra t ions .  
i s  the combustor r e fe rence  v e l o c i t y  based on the maximum c ross -  
i s  the i n l e t  t o t a l  p re s su re ;  and T i  
P re s su re  l o s s e s .  - The combustor p re s su re  l o s s e s  obtained i n  com- 
b u s t o r  model 47L are shown i n  f i g u r e  1 7 .  
p r e sen ted  as t h e  r a t i o  of  the  to t a l -p re s su re  loss t o  the  combustor-inlet  
t o t a l  p r e s s u r e .  A 30-percent reduct ion i n  p r e s s u r e  loss at a combustor 
r e f e r e n c e  v e l o c i t y  of 80 fee t  p e r  second w a s  achieved by the r edes ign  
of  the combustor geometry of  model 30. P r e s s u r e  l o s s e s  i n  t h e  range o f  
2 t o  4 p e r c e n t  were ob ta ined  for model 47L, as compared w i t h  l o s s e s  of 
4 t o  6 pe rcen t  i n  cu r ren t  product ion model combustors. I n  t h i s  i n v e s t i -  
g a t i o n  no attempt w a s  made t o  redesign the combustor housing, and i t  is 
p o s s i b l e  that a fur ther  refinement of  the combustor i n l e t - d i f f u s e r  s e c t i o n  
would be r e f l e c t e d  i n  a somewhat lower p r e s s u r e  loss throLgh the  combustor. 
The p r e s s u r e  l o s s e s  are 
Combustor-outlet temperature p r o f i l e s .  - The ou t l e t - r ad ia l - t empera tu re  
p r o f i l e  of combustor model 47L and the  desired temperature p r o f i l e  are 
shown i n  f i g u r e  18. The d e s i r e d  temperature p r o f i l e  r e p r e s e n t s  an approxi- 
mate average of  p r o f i l e s  r equ i r ed  o r  des i r ed  i n  a number of  cu r ren t  turbo-  
j e t  engines.  
is p resen ted  f o r  test  condi t ions A,  B, and C .  The average r a d i a l  tempera- 
t u r e  p r o f i l e  obtained w i t h  gaseous propane fol lows the d e s i r e d  prof i le  
shape c l o s e l y .  With prevaporized l i q u i d  f u e l  ( f i g .  1 8 ( b ) )  t he  o u t l e t  
temperature w a s  somewhat lower a t  the r o o t  p o s i t i o n  f o r  t es t  cond i t ions  
B and C; however, a t  tes t  condi t ion A the  p r o f i l e  w a s  comparable t o  tha t  
ob ta ined  w i t h  gaseous propane operatioii.  
I n  f i g u r e  1 8 ( a )  t h e  p r o f i l e  ob ta ined  w i t h  gaseous propane 
SUMMARY OF RESULTS 
An i n v e s t i g a t i o n  was conducted t o  exp lo re  means of reducing p r e s s u r e  
l o s s e s  i n  a n  experimental  fuel-prevaporizing t u r b o j e t  combustor. The 
r e s e a r c h  w a s  d i r e c t e d  toward improving the design of  the a i r  passages a t  
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t h e  i n l e t  t o  t he  combustor. The r e s u l t s  f o r  a s imulated h i g h - a l t i t u d e  
f l i g h t  i n  a 5.2-pressure-rat io  engine a t  a f l i g h t  Mach number of 0.6 are 
summarized as follows: 
1. The combustor (47L) operated with approximately a 30-percent 
A t  a decrease i n  p re s su re  l o s s  from t h e  previous design (model 30).  
reference v e l o c i t y  o f  80 feet  per second t h e  combustor p r e s s u r e  l o s s e s  
ranged from 2 t o  4 percen t  as compared with about 4 t o  6 pe rcen t  i n  
production model combustors. 
2 .  Combustion e f f i c i e n c i e s  were comparable t o  those  obtained i n  
previous experimental  designs.  Combustion e f f i c i e n c i e s  of 98, 88, and 
81 percent a t  56,000, 70,000, and 80,000 feet ,  r e s p e c t i v e l y ,  a t  a tempera- 
t u r e  r i s e  of 11800 F and a combustor r e f e r e n c e  v e l o c i t y  of  80 fee t  p e r  
second were obtained with an i n l e t  f u e l  temperature of  80° F.  
3. A s  the combustor i n l e t  r e f e rence  v e l o c i t y  w a s  increased from 80 
fee t  per second t o  140 fee t  p e r  second, a marked decrease i n  combustion 
e f f i c i e n c y  was observed. High e f f i c i e n c i e s  were again obtained,  however, 
by increasing the  i n l e t  f u e l  temperature t o  250° F, a value e q e c t e d  i n  
an a c t u a l  f l i g h t  ope ra t ion .  
4 .  The prevaporizer  w a s  operated wi th  t h r e e  f u e l s ,  propane, Jp-4, 
and Jp-5. A s  f u e l  v o l a t i l i t y  decreased combustion e f f i c i e n c y  a l s o  
decreased. The combustion e f f i c i e n c y  was maintained by supplying addi-  
t i o n a l  heat from a n  o u t s i d e  source t o  t h e  l o w - v o l a t i l i t y  f u e l .  
5. The out le t - temperature  p r o f i l e  w a s  g e n e r a l l y  s a t i s f a c t o r y  f o r  
t h e  f i n a l  combustor design. 
CONCLUDING REMARKS 
An experimental f u e l  prevaporizing combustor having p res su re  l o s s e s  
l e s s  than those of cu r ren t  t u r b o j e t  combustors was developed t o  provide 
high combustion e f f i c i e n c i e s  a t  h i g h - a l t i t u d e  ope ra t ing  condi t ions with 
Jp-4 f u e l .  The u s e  of t he  less v o l a t i l e  Jp-5 f u e l  r e s u l t e d  i n  some 
performance decrease due, a t  least  i n  p a r t ,  t o  l i m i t e d  p revapor i ze r  
capac i ty .  This disadvantage could be e l imina ted  by inco rpora t ing  a l a r g e r  
h e a t - t r a n s f e r  su r f ace  i n t o  t h e  prevaporizing c o i l s .  From t h e  d a t a  
obtained,  it appears t h a t  t h e  combustor could be designed t o  o p e r a t e  over 
a wide range of condi t ions with a f u e l  similar t o  Jp-5 .  
Turbojet combustors have been i n v e s t i g a t e d  experimental ly  over 
i nc reas ing ly  severe ope ra t ing  cond i t ions .  Since t h e s e  i n l e t  condi t ions 
approach those t h a t  are obtained i n  h i g h - a l t i t u d e  ram-jet a p p l i c a t i o n s ,  
i t  may be p o s s i b l e  t o  consider turbo2et  designs f o r  moderately high f l i g h t  
Mach number ram-jet engines where t h e  pressure loss  is  not t o o  c o s t l y .  
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The use o f  a vapor f u e l  i n s t e a d  of  l i qu id - fue l  f o r  ram-jet engines would 
be advantageous i n  t h a t  a wider operat ing range of  fuel-air  r a t i o  would 
be poss ib l e ,  and i t  would be e a s i e r  t o  con t ro l  t h e  f u e l  d i s t r i b u t i o n .  
The prevaporizing c o i l s  were operated f o r  a s h o r t  endurance run  o f  
20 hours including approximately 65 cycles of s t a r t - u p  and shut-down 
procedure with JP-5 f u e l .  
even though hot Jp-5 f u e l  was l e f t  i n  the prevaporizer  during shut-down 
and no p rov i s ion  was made t o  purge t h e  system. 
however, would be r equ i r ed  t o  e s t a b l i s h  f u l l y  the  r e l i a b i l i t y  of t h e  
h e a t  exchanger design . 
No apparent de t r imen ta l  e f f e c t s  were noted 
Add i t iona l  s t u d i e s ,  
Lewis F l i g h t  Propuls ion Laboratory 
Nat ional  Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, September 18, 1956 
REFERENCES 
1. Norgren, Carl T . ,  and Childs ,  J. Howard: E f f e c t  of  Liner Air-Entry 
Holes, Fuel  S t a t e ,  and Combustor S i z e  on Performance of an Annular 
Turbojet  Combustor at Low Pressures and High Air-Flow Rates. NACA 
RM E52J09, 1953. 
2 .  Norgren, Carl T .  : Performance of a Vaporizing Annular Turbojet  
Combustor a t  Simulated High Al t i t udes .  NACA RM E54G21, 1954. 
3. Ze t t l e ,  Eugene V . ,  and Friedman, Robert:  Performance of  Experimental 
Channeled-Wall Annular Turbojet  Combustor a t  Conditions Simulated 
High-Altitude Supersonic F l i g h t .  I - U-Shaped Channel Walls f o r  
Secondary-Air Entry.  NACA RM E54L21a, 1955. 
4. Grobman, Jack S. ,  and Graves, Charles C.:  T h e o r e t i c a l  Analysis of 
Total-Pressure Loss and Airflow D i s t r i b u t i o n  f o r  Tubular Turbojet  
Combustors w i th  Constant Annulus and Liner  Cross-Sectional Areas 
NACA RM E56104, 1956- 
5. Barnet t ,  Henry C . ,  and Hibbard, Robert R.: P r o p e r t i e s  of A i r c r a f t  
Fuels. NACA TN 3276, 1956. 
6.  D i t t r i c h ,  Ralph T . ,  and Graves ,  Charles C . :  Discharge Coef f i c i en t s  
f o r  Combustor-Liner Air-Entry Holes .  I - Circu la r  Holes with P a r a l -  
l e l  Flow. NACA TN 3663, 1956. 
7. Turner, L.  Richard, and Bogart, Donald: Constant-Pressure Combustion 
Charts Including E f f e c t s  of Diluent Addition. NACA Rep. 937, 1949. 
(Supersedes NACA TN's  1086 and 1655.) 
e a  e e e  e e e e  e e a  e a  e e e e e e  e e  
e a  e 0  * e  e e e e  e e e  e e e  
e e  e e e  * * e  e e e e  e e e e e e  
e e  e e  e e e  
me erne e e e e a  *e: 
1 6  NACA RM E56114 
8.  Scadron, Marvin D. ,  and Warshawsky, I s i d o r e :  Experimental  Determinat ion 
of Time Constants  and N u s s e l t  Numbers f o r  Bare-Wire Thermocouples i n  
High-Veloc i t y  A i r  Streams and Ana ly t i c  Approximat ion  o f  Conduct i o n  
and Rad ia t ion  E r r o r s .  NACA TN 2599, 1952. 
9 .  McCafferty, Richard J.: A n a l y t i c a l  I n v e s t i g a t i o n  of F u e l  Temperatures 
and Fuel-Evaporation Losses Encountered i n  Long-Range High-Alti tude 
Supersonic F l i g h t .  NACA RM E53E25, 1953. 
IP r 
4 10. Fuels and Combustion Research Div i s ion :  Adaptat ion o f  Combustion P r i n c i p l e s  t o  A i r c r a f t  P ropu l s ion .  Vol. I1 - Combustion i n  A i r -  
Breathing J e t  Engines.  NACA RM E55G28, 1956. ~ 
11. Smith, Arthur  L., Cook, W i l l i a m  P . ,  and Hlavin,  Vincent F. : Coking 
of  Jp-4 Fue l s  i n  E l e c t r i c a l l y  Heated Metal Tubes. 
1956. 
NACA RM E56H21, 
1 2 .  Childs,  J. Howard: P re l imina ry  C o r r e l a t i o n  o f  E f f i c i e n c y  o f  A i r c r a f t  
Gas-Turbine Combustors f o r  D i f f e r e n t  Operat ing Condit ions.  NACA 
RM E50F15, 1950. 
-- . o m -  0 .  e .  
e. e 0 0 e. .e 
17 
TABLE I - FUEL ANALYSIS 
Fuel  p r o p e r t i e s  
A.S.T.M. d i s t i l l a t i o n ,  D86-46, OF 
I n i t i a l  b o i l i n g  p o i n t  











F i n a l  b o i l i n g  p o i n t  
Residue, pe rcen t  
by volume 
Aromat ics -s i l ica  gel, percent  
Spec if  i c  g r a v i t y  
Reid vapor p re s su re  
Accelerated gum, mg/lOO m l  
Hydrogen-carbon r a t i o  
N e t  hea t  of combust ion, Btu/lb 
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1 . 5 6  
1.56 
1 . 5 6  
1 . 5 6  
1 . 5 6  
2.6.5 
2 .61  
2 .67  
2 . 6 1  I 2.67 
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, 720  
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1 . 1 4  
1 . 1 4  
1 . 1 4  
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1 . 1 4  
1.14 
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3 . 6 6  
3 . 6 6  
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11. - COMBUSTOR TEST IlATA 
T o t a l -  Combust lo  
pressure  p a r m e t e r  
-cent 
in. H g  







2 . 6 4  
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2.61 
2 . 6 1  
2.81 
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1 7 0  
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1 6 5  
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6 6 . 6  , 0071  
84.2 ,0090 
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29.2 ,0156 
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55.0 .0275 
2 4 . 8  .oom 
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1 15.0 270 
2 15.0 262 
3 15.0 254 
4 15.0 264 
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9 5 . 0  262 
10 8 . 0  268 
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8 9 . 4  
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8 0 . 7  
9 3 . 5  
93.3 
9 3 . 5  
9 1 . 3  
9 0 . 3  
8 8 . 5  
9 8 . 4  
9 8 . 3  
98 .0  
94 .7  
98.0 
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flow a i r  
rate r a t i o  
lb/hk 
Mean Mean tem- Combus- In le t  Fuel tern- Fuel Total- 
combustor- perature t i o n  fuel  perature manifold pressur< 
out l e t  r i s e  e f f i -  temper- after pressure, drop 
temper- through clency, ature prevapor- Ib/(sq through 
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50.5 0.0091 900 
59.0 .0106 1020 
68.2 ,0122 1130 
80.5 ,0143 1245 
91.5 ,0163 1310 
109.0 ,0194 1400 
118.3 ,0210 1476 
28.0 ,0089 870 
38.8 ,0129 1090 
40.6 .0134 1150 
49.3 ,0164 1275 
61.0 ,0202 1430 
23.9 ,0125 1040 
31.4 ,0164 1210 












I TABLE 11. - Concluded. COMBUSTQR TEST MTA 
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- c  
I NACA RM E56114 
I 
L 
(a) Inlet thermocouples (iron-constantan) 
and total-pressure probes in plane at 
station 1. 
(b) Outlet thermocouples (chromel-alumel) 
in plane at station 2. 
8 Thermocouple 
0 Total-pressure probe 
JL Static-pressure orifice - 
(c) Cutlet total-pressure probes in plane 
Figure 2. - Experimental combustor instrumentation. 
at station 3. 
21 
22 
( d )  I n l e t  t o t a l - p r e s s u r e  r a k e .  
( g )  S t a t i c - p r e s s u r e  o r i f i c e .  
NACA RM E56114 
* 
(1, . o  
r 
. 
(e)  O u t l e t  thermocouple  r a k e .  
( h )  Wedge s t r e a m - s t a t i c  probe .  
( f )  I n l e t  thermocouple .  
F igure  2. - Concluded. Experimental  combustor Ins t rumenta t ion .  












24 NACA RM E56114 
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0 I i  I 
(a)  Wall pattern.  (Dimensions a re  in inches.) 
Figure 5. - Hole area. 
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NACA RM E56114 
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( c )  Test  condition C .  
.010 .012 .014 .016 .018 .020 .022 .008 
Fuel -a i r  r a t i o  
(d )  Test condition E .  
with and without prevaporizer i n s t a l l e d  and compared with mosel 30 (ref. 2) ;  a l l  
data obtained with gaseous propane f u e l  a t  various t e s t  condi t ions .  
Figure 10. - Concluded. Combustion e f f ic iency  of prevaporizing combustor model 41L 
l- 
- C  
a 
Tuasxad ‘Xsua 















r i  
3 
0 .  0 . 0  0 0.. 0 0 .  0 .  . . 0 0 . 0  .. 
36 
I I I I 






NACA RM E56114 
o u a  
I 0 
0 0 Om 
IN I-i 





I -  
- 






0 0  0 .0  0 0.0 0 0 0  0 0  0 0 0 0.0 0 -  







( a )  Gaseous propane. 
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